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ABSTRACT
We provide an analysis of timing irregularities observed for 366 pulsars. Observa-
tions were obtained using the 76-m Lovell radio telescope at the Jodrell Bank Obser-
vatory over the past 36 years. These data sets have allowed us to carry out the first
large-scale analysis of pulsar timing noise over time scales of > 10 yr, with multiple ob-
serving frequencies and for a large sample of pulsars. Our sample includes both normal
and recycled pulsars. The timing residuals for the pulsars with the smallest charac-
teristic ages are shown to be dominated by the recovery from glitch events, whereas
the timing irregularities seen for older pulsars are quasi-periodic. We emphasise that
previous models that explained timing residuals as a low-frequency noise process are
not consistent with observation.
Key words: pulsars: general
1 INTRODUCTION
The Jodrell Bank data archive of pulsar observations con-
tains over 6000 years of pulsar rotational history. The pul-
sar timing method (for a general overview see Lorimer &
Kramer 2005, Lyne & Graham-Smith 2004 or Manchester
& Taylor 1977. Details are provided in Edwards et al. 2006)
allows the observed pulse times of arrival (TOAs) to be
compared with a model of the pulsar’s astrometric, orbital
and rotational parameters. The differences between the pre-
dicted arrival times and the actual arrival times are known
as the pulsar “timing residuals”. For a perfect model the
timing residuals would be dominated by measurement er-
rors and have a “white” spectrum. Any features observed
in the timing residuals indicate the presence of unmodelled
effects which may include calibration errors, orbital compan-
ions or spin-down irregularities. There are two main types of
irregularity, namely “glitches” which are sudden increases in
rotation rate followed by a period of relaxation, and “timing
noise”, which consists of low-frequency structures.
A more complete understanding of pulsar timing noise
will lead to many important results. For instance, explaining
the cause of timing noise and glitches may also allow us to
relate these phenomena and hence provide an insight into
the interior structure of neutron stars. Pulsar timing array
projects are being developed around the world with the aim
of detecting gravitational waves by looking for irregularities
in the timing of millisecond pulsars (see e.g. Hobbs 2005
and references therein). A stochastic background formed by
coalescing supermassive binary black hole systems will in-
duce signatures in the timing residuals with amplitudes of
approximately 100 ns. If the intrinsic timing noise for mil-
lisecond pulsars is at a higher level then it becomes more
difficult to extract the gravitational wave signal from the
observations.
In this paper we study the timing noise in the residuals
of 366 pulsars that have been regularly observed over the
past 10 to 36 years. The basic observational parameters for
the pulsars in our sample were provided by Hobbs et al.
(2004); hereafter H04. These timing ephemerides included
the pulsar positions, rotational frequencies and their first
two derivatives, dispersion measures and their derivatives
and proper motions. The proper motions were subsequently
updated with more recent observations, combined with other
measurements of pulsar proper motions available from the
literature and analysed by Hobbs et al. (2005). This work
allowed us to present a new velocity distribution for the
pulsar population.
In order to obtain the precise spin and astrometric pa-
rameters presented in H04, it was necessary to remove the
low-frequency timing noise. This pre-whitening procedure
was undertaken using a simple high-pass filter where har-
monically related sinusoids were fitted to the residuals and
the lowest frequency waves subtracted. The low-frequency
noise was not subsequently studied in the previous papers.
In this paper, we address the properties of this timing noise.
Low-frequency structures previously observed in pulsar
data sets have been explained by random processes (e.g.
Cordes & Helfand 1980, Lyne 1999), unmodelled planetary
companions (e.g. Cordes 1993) or free-precession (e.g. Stairs,
Lyne & Shemar 2000). However, the physical phenomenon
underlying most of the timing noise still has not been ex-
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plained. Much of the basic theoretical work was described by
Boynton et al. (1972) who analysed the arrival times for the
Crab pulsar over a two-year period. In their paper, an at-
tempt was made to describe the timing noise as either phase,
frequency or slowing-down noise corresponding to random
walks in these parameters. Later, Cordes & Helfand (1980)
found that out of a sample of 11 pulsars, seven showed tim-
ing noise consistent with frequency noise, two from slowing-
down noise and two from phase-noise. They concluded that
1) timing noise is widespread in pulsars, 2) it is correlated
with period derivative and weakly with period, 3) it is not
correlated with height above the Galactic plane, luminosity
nor with pulse shape changes. However, the data sets used
were small in number, short and small-scale pulse shape vari-
ations would have been undetectable. The assumption that
timing noise is a red-noise process has continued to date.
However, Cordes & Downs (1985) showed that the idealised,
random walk model was too simple. They developed a more
detailed model where discrete ‘micro-jumps’ in one or more
of the timing parameters were superimposed on the random
walk process. D’Alessandro et al. (1995) analysed the tim-
ing residuals for 45 pulsars with data spanning up to seven
years. They observed very weak timing noise for 19 of their
pulsars, for seven the activity was attributed to random walk
processes comprising a large number of events in one of the
rotation variables, a further seven were explained as resolved
jumps in ν the pulse frequency and ν˙, its derivative, seven
more as resolved jumps on a low-level background and for
the remaining five the timing noise could not be explained
as a pure random walk process nor resolved jumps.
Timing noise analyses with large samples of pulsars
have been limited by the relatively short data spans stud-
ied. Long data-spans have been analysed in a few papers,
but for only a small number of pulsars. For instance, Baykal
et al. (1999) analysed four pulsars timed for 14 yr. Sha-
banova (1995) observed PSR B0329+54 for 16 yr, Stairs,
Lyne & Shemar (2000) reported on 13 yr of PSR B1828−11
observations and Shabanova, Lyne & Urama (2001) analysed
PSR B1642−03 over a 30 yr data span. More recently, the
millisecond pulsar PSR J1713+0747 was observed for 12 yr
(Splaver et al. 2005) and the young pulsar PSR B1509−58
for 21 yr (Livingstone et al. 2005). Most of the analysis has
concentrated on obtaining high quality spectral estimates of
the timing residuals or fitting a simple model to the timing
residuals of a single pulsar. We note that our sample is ∼20
times larger than the previous large study of pulsar timing
noise (D’Alessandro et al. 1995) in terms of the number of
years of rotational history studied.
Glitches are thought to represent a sudden unpinning of
superfluid vortices in the interior of the neutron star (Lyne,
Shemar & Graham-Smith 2000). The relationship between
glitches and timing noise is not understood although Janssen
& Stappers (2006) showed that it is possible to model the
timing noise in PSR B1951+32 as multiple small glitches.
Glitches are discrete events that occur more commonly for
young pulsars1 (although for two pulsars with similar rota-
tional parameters, one may glitch frequently while the other
1 We use the terms “young” and “old” throughout referring to a
pulsar’s characteristic age which is only an approximation of the
pulsar’s true age.
Figure 1. Period–period-derivative diagram for the pulsars in
our sample.
may never have been observed to glitch) and have a wide
range of sizes with fractional frequency increases between
10−9 and 10−5 (e.g. Lyne, Shemar & Graham-Smith 2000,
Hobbs et al. 2002). No model currently predicts the time
between glitches or the size of any given event although
pulsars with large glitches tend to show larger intervals be-
tween glitches (Lyne et al. 2000). Melatos, Peralta & Wyithe
(2008) recently showed that, for most pulsars in their sam-
ple, the waiting time between glitch events followed an ex-
ponential distribution. This distribution was subsequently
modelled by Warszawski & Melatos (2008) using a cellular
automaton model of pulsar glitches. However, it is still not
clear whether the glitch and timing noise phenomena are
related.
In this paper we describe the observing system and
present the measured timing residuals (§2), rule out some
models of timing noise (§3.1) and highlight various proper-
ties of the timing noise (§3.2).
2 RESULTS
The timing solutions for the pulsars in our sample have been
updated since H04 with more recent data from the Jodrell
Bank Observatory. The timing solutions were obtained using
standard pulsar timing techniques as described in Paper 1.
In brief, the majority of the observations were obtained from
the 76-m Lovell radio telescope. The earliest times-of-arrival
(TOAs) for 18 pulsars were obtained from observations us-
ing the NASA Deep Space Network (Downs & Reichley
1983; Downs & Krause-Polstorff 1986). Observations using
the Lovell telescope were carried out predominately at fre-
quencies close to 408, 610, 910, 1410 and 1630MHz with a
few early observations at 235 and 325MHz. The last observa-
tions used in our data set were obtained around MJD 53500.
The signals were combined to produce, for every observa-
tion, a total intensity profile. TOAs were subsequently deter-
mined by convolving, in the time domain, the profile with a
template corresponding to the observing frequency. The pul-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Histogram of the time-span of our observations.
sar timing residuals described in this paper were obtained by
fitting a timing model to the TOAs using the tempo2 pulsar
timing software (Hobbs, Edwards & Manchester 2006).
For those pulsars in which the residuals are dominated
by large glitches it is difficult to obtain phase coherent tim-
ing solutions across many years of observation. For exam-
ple, for PSR B1800−21 we have data spanning from the
year 1985 to the present. However, for this analysis we can
only use data between the years 1991 and 1997. We have
a similarly short data-span for PSR B1727−33. Although
PSRs B0531+21, B1758−23 and B1757−24 have been reg-
ularly observed we cannot obtain a useful data-set for the
analysis described in this paper. These pulsars are therefore
not included in our sample.
In Table 1 we present the basic parameters for our sam-
ple of pulsars. In column order, we first provide the pulsar’s
J2000 and B1950 names, spin-frequency, ν, frequency deriva-
tive, ν˙ and frequency second derivative, ν¨. The following
three columns give the epoch of the centre of the data span,
the number of observations and the time span of the ob-
servations. We then provide various measures characterising
the amount of timing noise for each data set. We present σ1,
the unweighted rms of the residuals after fitting for ν and
ν˙, σ2 the unweighted rms of the residuals after removal of ν
and its first two derivatives and σ3, the rms after whitening
the data set by fitting, and removing, harmonically related
sinusoids (as described in H04). The last two columns con-
tain two stability measures (∆8 and σz) that are discussed
in §3.2.1.
A period–period-derivative diagram2 for the pulsars in
our sample is shown in Figure 1 to indicate the range of
pulsar parameters included in our sample. The diagram in-
2 Note: we have attempted to be consistent in our use of pulse
frequency and its derivatives. However, in order to make a direct
comparison with earlier publications we sometimes use the pulse
period and its derivatives where P = 1/ν, P˙ = −ν˙/ν2.
cludes dotted lines representing various characteristic ages
τc = P/(2P˙ ) and dashed lines for representative surface
magnetic field strengths Bs = 3.2 × 1019
p
PP˙ G. A his-
togram indicating the time-spans of our observations is
shown in Figure 2. The mean and median time spans are
18.5 and 18.3 yr respectively. For the recycled pulsars, the
unweighted rms of the residuals after subtracting a cubic
polynomial ranges from 8µs for PSR J1744−1134 to 460µs
for PSR B1913+163 . For the ordinary pulsars the rms ranges
up to 948ms for PSR B1706−16, a pulsar with a 653ms
spin-period4.
In Figure 3 we plot the timing residuals for all the pul-
sars in our sample relative to a simple slow-down model
including only the pulse-frequency and its first derivative.
The horizontal scale of each panel represents 36 years of ob-
servations and the vertical axis is scaled for each separate
panel. The upper value gives the range from the minimum
to the maximum residual in milliseconds. The lower values
give the same range, but in units of the pulsars’ rotational
periods.
3 DISCUSSION
It is tempting to categorise the pulsars by the structures
seen in their timing residuals. For instance, for approxi-
mately 37% of our sample the variations in the residuals
are dominated by the measurement errors caused by ther-
mal or cosmic random noise in the observing system (e.g.
PSRs B0011+47, B0045+33 and J0134−2937). 20% have
residuals which can be modelled by a significant positive ν¨
value (such residuals take the form of a cubic polynomial),
16% for a cubic polynomial corresponding to ν¨ < 0 and 27%
which show structures that are more complicated. However,
this simple categorisation has two problems:
• The TOAs for some pulsars are measured more pre-
cisely than for others. For instance, in Figure 4 we plot
the detailed structure observed in the timing residuals for
PSR B1900+01. Any similar structure in the residuals of
PSR B1745−20 (that have been overplotted in Figure 4)
would not be observable because of the much larger TOA
uncertainties.
• The classification of any particular pulsar is likely to
change as more data are obtained. In Figure 5, we plot
the timing residuals that would have been obtained for
PSR B1818−04 if we had access to data sets that spanned
3 Our sample includes 31 recycled pulsars defined with spin-
periods P < 0.1 s and spin-down rates P˙ < 10−17. We note that
lower rms values have been published for some of our pulsars. For
instance, Splaver et al. (2005) obtained TOA timing precisions
< 700 ns and as small as ∼ 200 ns for PSR J1713+0747 (com-
pared with ∼ 10µs for our data). In contrast to the high precision
timing experiments that often use coherent de-dispersion systems
and long observing durations the data presented here have been
obtained with a stable observing system over many years and the
large sample has necessitated short observations and hence poorer
TOA precision.
4 For a large number of pulsars the timing residuals deviate by
more than one pulse period. In these cases phase jumps of at
least one period need to be added to keep track of the pulsar
spin-down.
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Table 1. Basic parameters for the pulsars in our sample. σ1 is the rms residual after removing a quadratic term, σ2, the rms value after
removing a cubic term and σ3 the value after whitening the data.
PSR J PSR B ν ν˙ ν¨ Epoch N Ts σ1 σ2 σ3 ∆8 log σz(10yr)
(s−1) (10−15s−2) (10−24s−3) (MJD) (yr) (ms) (ms) (ms)
J0014+4746 B0011+47 0.806 −0.367 0.00035(20) 49285.0 365 22.8 4.26 4.23 4.23 <−1.14 −10.91
J0034−0534 — 532.713 −1.409 −0.043(10) 51096.0 402 12.8 0.06 0.06 0.06 <−3.04 −12.44
J0034−0721 B0031−07 1.061 −0.459 0.00033(3) 47051.0 772 35.0 3.84 3.47 3.38 −1.44 −10.79
J0040+5716 B0037+56 0.894 −2.302 −0.00005(6) 50091.0 426 18.5 0.62 0.62 0.62 <−1.79 −11.65
J0048+3412 B0045+33 0.822 −1.589 −0.0003(3) 50083.0 201 18.4 2.17 2.15 2.15 <−1.21 −11.06
J0055+5117 B0052+51 0.473 −2.132 0.00092(5) 50092.0 417 18.5 1.51 1.08 1.08 <−1.63 −11.03
J0056+4756 B0053+47 2.118 −14.938 −0.0083(18) 50103.0 252 18.2 6.09 5.82 2.29 <−1.36 −10.24
J0102+6537 B0059+65 0.596 −2.113 −0.02862(17) 50091.0 339 18.5 65.23 2.66 1.37 <−1.34 −9.91
J0108+6608 B0105+65 0.779 −7.918 0.107(16) 50482.0 427 16.2 157.09 148.26 3.51 −0.16 −8.70
J0108+6905 B0105+68 0.934 −0.042 −0.0002(3) 50091.0 336 18.5 2.63 2.62 2.62 <−1.36 −11.21
J0108−1431 — 1.238 −0.118 −0.0030(18) 51251.0 332 12.1 4.49 4.47 4.47 <−1.45 −10.84
J0117+5914 B0114+58 9.858 −568.596 −2.91(3) 50083.0 314 18.4 165.07 25.71 0.34 −1.55 −9.21
J0134−2937 — 7.301 −4.178 −0.0004(5) 51251.0 298 12.1 0.19 0.19 0.19 <−2.59 −12.53
J0139+5814 B0136+57 3.670 −144.309 −0.065(10) 49706.0 684 20.6 56.33 52.63 0.20 −0.95 −9.27
J0141+6009 B0138+59 0.818 −0.261 0.00029(6) 49495.0 451 19.4 1.09 1.06 1.06 <−2.24 −11.51
J0147+5922 B0144+59 5.094 −6.661 0.0255(7) 50080.0 430 18.2 2.72 1.16 0.16 −2.56 −10.62
J0152−1637 B0149−16 1.201 −1.874 −0.00425(5) 48651.0 455 26.4 5.79 1.39 0.59 <−2.07 −11.10
J0156+3949 B0153+39 0.552 −0.046 −0.0001(13) 50104.0 81 18.1 9.88 9.88 9.88 −0.31 −10.46
J0157+6212 B0154+61 0.425 −34.160 −0.0093(8) 50126.0 463 18.3 26.74 20.09 2.18 −1.49 −9.73
J0215+6218 — 1.822 −2.198 −0.0095(8) 51788.0 327 10.5 1.46 0.98 0.43 −2.29 −10.62
J0218+4232 — 430.461 −14.340 −0.007(8) 51268.0 387 11.9 0.05 0.05 0.05 <−3.26 −13.04
J0231+7026 B0226+70 0.682 −1.445 0.00026(13) 50088.0 305 18.5 1.83 1.81 1.81 <−1.36 −10.98
J0304+1932 B0301+19 0.721 −0.673 −0.00274(7) 49141.0 498 23.7 4.26 1.76 1.00 <−1.39 −10.54
J0323+3944 B0320+39 0.330 −0.069 0.00004(4) 49229.0 520 23.2 2.25 2.24 2.24 <−1.71 −11.35
J0332+5434 B0329+54 1.400 −4.012 0.00092(7) 46775.0 1170 36.5 7.46 6.76 0.46 −1.86 −10.38
J0335+4555 B0331+45 3.715 −0.101 0.00014(12) 50081.0 483 18.4 0.33 0.33 0.33 <−2.33 −12.19
J0343+5312 B0339+53 0.517 −3.587 −0.00131(15) 49557.0 325 22.9 4.64 4.13 4.13 <−1.24 −10.42
J0357+5236 B0353+52 5.075 −12.277 0.0078(4) 50081.0 412 18.4 0.98 0.63 0.18 <−2.39 −10.79
J0406+6138 B0402+61 1.682 −15.773 0.0476(19) 50428.0 406 16.7 13.77 8.43 0.43 −1.57 −9.69
J0415+6954 B0410+69 2.559 −0.502 0.00142(11) 50092.0 375 18.5 0.51 0.41 0.36 <−2.17 −11.32
J0421−0345 — 0.463 −0.249 0.00110(15) 50847.0 226 13.3 1.27 1.13 1.13 <−1.71 −10.84
J0448−2749 — 2.220 −0.731 −0.0029(9) 51427.0 332 11.2 0.88 0.85 0.85 <−2.03 −11.43
J0450−1248 B0447−12 2.283 −0.535 −0.0010(3) 49751.0 527 20.2 1.68 1.64 1.64 <−2.00 −11.29
J0452−1759 B0450−18 1.822 −19.092 0.0137(5) 49295.0 576 22.9 8.21 5.15 0.29 −1.97 −10.16
J0454+5543 B0450+55 2.935 −20.441 −0.184(4) 50336.0 335 17.2 29.42 10.56 0.33 −1.70 −9.51
J0459−0210 — 0.883 −1.089 −0.0004(5) 51269.0 238 12.0 1.34 1.34 1.34 <−1.50 −11.53
J0502+4654 B0458+46 1.566 −13.690 0.01057(16) 49129.0 497 23.6 7.35 2.19 0.54 −1.98 −10.69
J0520−2553 — 4.138 −0.515 0.0026(12) 51657.0 181 10.2 0.42 0.41 0.41 <−1.98 −11.46
J0525+1115 B0523+11 2.821 −0.586 −0.000238(20) 48663.0 643 26.3 0.32 0.28 0.26 <−2.46 −11.78
J0528+2200 B0525+21 0.267 −2.854 0.00082(4) 46909.0 954 35.8 20.34 15.25 1.39 <−1.38 −10.01
J0538+2817 — 6.985 −179.088 −0.6951(12) 51821.0 353 10.1 21.28 0.34 0.18 −1.91 −9.48
J0543+2329 B0540+23 4.065 −254.898 0.2173(15) 49294.0 691 22.9 46.67 7.89 0.16 −2.09 −10.03
J0612+3721 B0609+37 3.356 −0.670 −0.0125(3) 50092.0 456 18.5 2.07 0.80 0.35 <−2.38 −10.81
J0613−0200 — 326.601 −1.019 0.009(4) 51240.0 656 12.1 0.04 0.04 0.04 <−3.47 −12.89
J0614+2229 B0611+22 2.985 −529.522 9.51(8) 50164.0 973 18.1 1735.68 514.15 1.82 −0.14 −7.97
J0621+1002 — 34.657 −0.057 0.0019(3) 51145.0 685 10.8 0.03 0.03 0.03 −3.41 −12.79
J0624−0424 B0621−04 0.962 −0.769 0.00001(10) 50302.0 459 17.4 0.87 0.87 0.87 <−1.77 −11.63
J0629+2415 B0626+24 2.098 −8.785 0.0049(8) 49846.0 541 19.7 5.75 5.53 0.41 −1.96 −10.30
J0630−2834 B0628−28 0.804 −4.601 −0.0175(7) 47013.0 807 35.2 131.89 91.99 1.52 −1.84 −9.71
J0653+8051 B0643+80 0.823 −2.576 0.00069(4) 49141.0 283 23.7 1.23 0.83 0.70 <−1.84 −11.01
J0659+1414 B0656+14 2.598 −371.288 0.7636(19) 49721.0 772 16.1 120.42 7.27 1.49 −1.26 −9.09
J0700+6418 B0655+64 5.111 −0.018 0.00019(13) 49138.0 402 23.7 0.64 0.64 0.64 <−2.06 −11.48
J0725−1635 — 2.357 −0.515 −0.0018(4) 50884.0 277 13.3 0.57 0.54 0.54 <−2.00 −11.24
J0729−1836 B0727−18 1.960 −72.832 0.245(7) 50126.0 635 18.3 76.04 40.15 0.55 −0.55 −9.05
J0742−2822 B0740−28 5.997 −604.876 −0.61(5) 49696.0 1009 20.6 165.35 145.16 0.40 −0.84 −8.92
J0751+1807 — 287.458 −0.643 −0.002(4) 51389.0 531 11.3 0.04 0.04 0.04 <−3.67 −13.55
J0754+3231 B0751+32 0.693 −0.519 −0.00081(6) 49763.0 492 20.3 1.54 1.28 1.21 <−1.79 −11.04
J0814+7429 B0809+74 0.774 −0.101 0.00014(5) 49369.0 474 22.4 1.07 1.06 1.06 <−1.59 −11.47
J0820−1350 B0818−13 0.808 −1.373 0.000028(19) 49299.0 631 22.7 0.55 0.55 0.26 <−2.24 −11.62
J0823+0159 B0820+02 1.156 −0.140 −0.00075(5) 49144.0 573 23.7 1.10 0.88 0.84 −2.00 −11.08
J0826+2637 B0823+26 1.884 −6.069 0.0240(12) 46857.0 979 36.1 110.89 90.82 0.29 −1.63 −9.49
J0828−3417 B0826−34 0.541 −0.292 −0.0035(5) 48508.0 146 25.9 19.16 16.03 14.04 <0.16 −9.88
J0837+0610 B0834+06 0.785 −4.191 0.000096(11) 49138.0 604 23.7 0.36 0.34 0.34 <−1.91 −11.73
J0846−3533 B0844−35 0.896 −1.285 0.00107(13) 49145.0 119 23.7 1.95 1.52 1.52 <−0.95 −10.98
J0849+8028 B0841+80 0.624 −0.174 0.00005(74) 50419.0 90 16.6 4.80 4.79 4.79 <−0.42 −10.70
J0855−3331 B0853−33 0.789 −3.934 0.00059(15) 49735.5 435 17.2 1.63 1.60 1.60 <−1.66 −11.07
J0908−1739 B0906−17 2.490 −4.151 0.00165(5) 49140.0 639 23.7 0.75 0.43 0.29 −2.49 −11.23
J0921+6254 B0917+63 0.638 −1.468 0.00018(12) 49687.0 156 16.3 0.86 0.85 0.85 <−1.58 −11.18
J0922+0638 B0919+06 2.322 −73.982 0.1385(12) 48518.0 766 27.0 99.33 22.52 0.35 −1.07 −9.36
J0943+1631 B0940+16 0.920 −0.077 0.00008(17) 49143.0 443 23.7 4.04 4.04 4.04 <−1.03 −11.24
J0944−1354 B0942−13 1.754 −0.139 −0.00027(5) 49764.0 533 20.3 0.41 0.40 0.40 <−2.62 −11.83
J0946+0951 B0943+10 0.911 −2.902 −0.0377(8) 49352.0 117 22.3 47.86 10.29 10.29 −0.28 −9.79
J0953+0755 B0950+08 3.952 −3.588 −0.0048(3) 46777.0 953 36.5 11.22 9.53 0.12 −2.31 −10.53
J1012+5307 — 190.268 −0.620 0.0031(12) 51331.0 521 11.6 0.02 0.02 0.02 <−3.91 −13.30
J1012−2337 B1010−23 0.397 −0.139 0.00012(12) 49127.0 137 23.6 4.66 4.56 4.56 <0.25 −10.70
J1018−1642 B1016−16 0.554 −0.535 0.00006(18) 50093.0 243 18.5 2.79 2.78 2.78 <−1.12 −11.78
J1022+1001 — 60.779 −0.160 0.0014(4) 51638.0 625 11.2 0.02 0.02 0.02 <−3.99 −13.56
J1024−0719 — 193.716 −0.695 0.007(6) 51422.0 366 11.0 0.06 0.06 0.06 <−3.32 −13.22
J1034−3224 — 0.869 −0.174 −0.0005(6) 51123.0 225 12.9 1.83 1.82 1.82 <−1.37 −11.89
J1041−1942 B1039−19 0.721 −0.492 −0.0000009(500) 49143.0 477 23.7 1.31 1.30 1.30 <−1.78 −11.63
J1047−3032 — 3.027 −0.559 −0.004(3) 51445.0 264 11.1 1.84 1.84 1.84 <−1.81 −11.24
J1115+5030 B1112+50 0.604 −0.909 −0.00006(5) 49753.0 491 20.2 1.28 1.28 1.28 <−1.90 −11.60
J1136+1551 B1133+16 0.842 −2.646 0.00125(6) 46407.0 900 36.4 15.22 13.76 0.24 <−2.07 −10.92
J1141−3107 — 1.857 −6.880 −0.61(3) 51271.0 179 12.1 71.87 37.79 2.94 −0.30 −8.91
J1141−3322 — 6.862 −10.921 −0.291(14) 51446.0 328 11.1 6.64 4.22 0.51 <−2.15 −9.88
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Table 1. . . . continued
PSR J PSR B ν ν˙ ν¨ Epoch N Ts σ1 σ2 σ3 ∆8 log σz(10yr)
(s−1) (10−15s−2) (10−24s−3) (MJD) (yr) (ms) (ms) (ms)
J1238+21 B1238+21 0.894 −1.155 −0.0010(16) 51822.0 82 10.1 1.81 1.80 1.80 <−1.35 −11.23
J1239+2453 B1237+25 0.723 −0.502 −0.000305(9) 46942.0 1026 35.6 3.15 2.12 0.57 <−2.11 −11.17
J1257−1027 B1254−10 1.620 −0.952 −0.00009(16) 49348.2 475 18.4 1.12 1.12 1.09 <−1.96 −11.46
J1300+1240 B1257+12 160.810 −2.957 −0.002(3) 50788.0 360 14.5 0.08 0.07 0.07 <−3.09 −13.10
J1311−1228 B1309−12 2.235 −0.753 −0.00141(12) 50094.0 433 18.5 0.65 0.56 0.49 <−2.11 −11.16
J1321+8323 B1322+83 1.492 −1.262 −0.0056(3) 49282.0 289 22.8 3.97 2.30 2.30 <−1.41 −10.58
J1332−3032 — 1.537 −1.322 0.017(9) 51447.0 192 11.1 9.62 9.52 9.52 <−0.96 −10.46
J1455−3330 — 125.200 −0.381 −0.008(4) 51190.0 269 12.4 0.07 0.07 0.07 <−2.94 −12.46
J1509+5531 B1508+55 1.352 −9.144 0.0819(15) 49294.0 471 22.9 63.60 22.20 0.52 −1.52 −9.87
J1518+4904 — 24.429 −0.016 0.0002(5) 51619.0 309 10.0 0.03 0.03 0.03 <−3.48 −13.21
J1532+2745 B1530+27 0.889 −0.616 −0.0024(3) 50096.0 414 18.5 3.37 3.03 1.62 <−1.64 −10.55
J1537+1155 B1534+12 26.382 −1.686 0.00008(30) 50300.0 400 13.8 0.04 0.04 0.04 <−3.14 −12.88
J1543+0929 B1541+09 1.336 −0.772 −0.0093(4) 49141.0 452 23.7 10.61 6.46 3.27 <−1.28 −10.03
J1543−0620 B1540−06 1.410 −1.749 0.0130(3) 49839.0 503 19.7 7.06 3.02 0.36 −1.36 −10.36
J1555−2341 B1552−23 1.878 −2.447 −0.0280(4) 50301.0 346 17.3 6.42 1.40 0.88 <−1.90 −10.23
J1555−3134 B1552−31 1.930 −0.232 −0.00018(19) 50299.0 289 17.3 0.69 0.69 0.69 <−1.92 −11.58
J1603−2531 — 3.533 −19.875 −0.068(12) 51121.0 192 12.8 9.21 8.47 0.15 −1.72 −9.85
J1603−2712 B1600−27 1.285 −4.968 −0.0025(3) 50302.0 199 17.3 1.61 1.36 0.67 <−1.91 −10.72
J1607−0032 B1604−00 2.371 −1.720 −0.002015(10) 47386.0 729 33.2 3.53 0.47 0.44 <−2.38 −11.30
J1610−1322 B1607−13 0.982 −0.222 −0.0003(6) 50094.0 213 18.5 4.77 4.75 4.75 <−1.02 −10.81
J1614+0737 B1612+07 0.829 −1.620 −0.0007(3) 49897.0 160 15.1 1.19 1.12 1.12 <−1.78 −11.24
J1615−2940 B1612−29 0.404 −0.258 0.00012(17) 49026.0 99 23.1 4.91 4.89 4.89 −0.18 −10.58
J1623−0908 B1620−09 0.783 −1.584 0.00027(3) 49142.0 394 23.7 0.85 0.75 0.75 <−1.08 −11.30
J1623−2631 B1620−26 90.287 −2.953 18.346(11) 50292.0 768 17.5 103.55 3.06 0.15 −1.35 −9.22
J1635+2418 B1633+24 2.039 −0.496 0.00070(20) 49130.0 149 23.6 1.23 1.18 1.18 <−1.28 −11.23
J1643−1224 — 216.373 −0.865 −0.0043(19) 51251.0 433 12.0 0.03 0.03 0.03 <−3.30 −13.10
J1645−0317 B1642−03 2.579 −11.846 0.0067(6) 46930.0 957 35.7 21.63 20.68 0.22 −0.99 −9.66
J1648−3256 — 1.390 −6.815 0.004(3) 51276.0 149 12.0 4.54 4.50 0.76 −1.39 −10.26
J1650−1654 — 0.572 −1.046 −0.0027(8) 51272.0 172 12.1 3.07 2.95 2.95 −1.06 −10.72
J1651−1709 B1648−17 1.027 −3.205 0.0007(4) 50430.0 168 16.7 1.56 1.53 1.31 <−1.30 −11.06
J1652−2404 B1649−23 0.587 −1.088 −0.00155(5) 49132.0 348 23.6 3.36 1.70 1.60 <−1.61 −10.91
J1654−2713 — 1.263 −0.268 0.002(3) 51414.0 154 11.1 2.39 2.38 2.38 <−1.19 −11.04
J1659−1305 B1657−13 1.560 −1.503 0.0309(7) 50094.0 147 18.5 10.86 2.66 2.66 <−1.02 −10.12
J1700−3312 — 0.736 −2.555 −0.0163(6) 51276.0 250 12.0 3.96 1.87 1.41 <−1.42 −10.28
J1703−1846 B1700−18 1.243 −2.676 0.00003(12) 50314.0 209 17.3 0.56 0.56 0.56 <−1.98 −12.02
J1703−3241 B1700−32 0.825 −0.449 0.00122(9) 50427.0 159 16.6 0.78 0.51 0.51 <−1.58 −11.08
J1705−1906 B1702−19 3.345 −46.284 −0.0009(6) 50497.0 410 16.3 1.28 1.24 0.25 <−2.36 −11.11
J1705−3423 — 3.915 −16.484 0.085(6) 51256.0 152 11.9 4.72 2.85 1.01 −1.55 −9.96
J1708−3426 — 1.445 −8.775 −0.0100(15) 51276.0 124 12.0 2.42 2.05 2.05 <−1.12 −10.62
J1709−1640 B1706−16 1.531 −14.783 0.3704(12) 47389.0 498 33.2 948.18 63.69 0.43 −1.14 −9.07
J1711−1509 B1709−15 1.151 −1.461 0.0067(3) 50094.0 197 18.5 3.78 1.72 0.67 <−1.71 −10.65
J1713+0747 — 218.812 −0.409 0.0019(13) 51318.0 345 11.5 0.01 0.01 0.01 −3.94 −13.51
J1717−3425 B1714−34 1.524 −22.761 0.022(8) 50673.0 139 15.2 17.88 17.35 0.82 −0.74 −9.51
J1720−0212 B1718−02 2.093 −0.363 −0.0001(6) 49853.0 320 19.8 3.44 3.44 3.44 <−1.53 −12.20
J1720−1633 B1717−16 0.639 −2.366 −0.00002(72) 50084.0 214 18.4 8.95 8.95 1.57 −1.20 −10.06
J1720−2933 B1717−29 1.612 −1.938 −0.0142(3) 50290.0 164 17.2 3.88 0.87 0.69 <−1.58 −10.62
J1721−1936 B1718−19 0.996 −1.609 0.153(13) 50840.0 288 14.4 67.75 54.68 2.99 −0.83 −8.89
J1721−3532 B1718−35 3.566 −320.260 −0.07(6) 51505.0 139 10.7 20.82 20.24 0.90 −0.98 −10.71
J1722−3207 B1718−32 2.096 −2.838 −0.0010(7) 50495.0 180 16.3 1.72 1.70 0.16 −2.12 −10.84
J1728−0007 B1726−00 2.591 −7.535 −0.0167(7) 50513.0 152 16.1 2.88 1.28 0.93 <−1.64 −10.81
J1730−2304 — 123.110 −0.306 −0.0053(13) 51240.0 444 12.0 0.03 0.03 0.03 <−3.49 −12.73
J1730−3350 B1727−33 7.170 −4355.079 62.8(4) 51419.0 220 8.1 408.75 30.19 0.70 0.28 −7.21
J1732−1930 — 2.067 −0.776 −0.004(3) 51644.0 100 10.1 1.40 1.38 1.38 <−1.42 −11.03
J1733−2228 B1730−22 1.147 −0.056 −0.00006(8) 49140.0 395 23.7 1.40 1.40 1.40 <−1.27 −11.50
J1734−0212 B1732−02 1.191 −0.597 0.0026(8) 50117.0 127 18.3 3.53 3.36 3.36 <−0.88 −10.59
J1735−0724 B1732−07 2.385 −6.908 0.0019(4) 50312.0 342 17.3 1.22 1.18 0.25 −2.08 −10.85
J1738−3211 B1735−32 1.301 −1.346 0.00044(14) 50018.0 365 18.9 1.34 1.32 1.29 <−1.90 −11.37
J1739−2903 B1736−29 3.097 −75.578 0.127(4) 49872.0 394 19.7 28.59 12.75 0.85 −1.52 −9.54
J1739−3131 B1736−31 1.889 −66.269 0.78(5) 49884.0 244 18.1 326.94 174.40 0.90 −0.11 −8.49
J1740+1311 B1737+13 1.245 −2.250 0.01946(14) 48669.0 442 26.3 24.89 3.58 0.55 <−1.94 −10.30
J1741+2758 — 0.735 −0.994 −0.0007(15) 51750.0 104 10.4 2.48 2.34 2.34 <−1.21 −11.48
J1741−0840 B1738−08 0.489 −0.545 −0.00008(10) 50306.0 297 17.2 1.38 1.37 1.37 <−1.53 −11.42
J1743−0339 B1740−03 2.249 −7.873 0.41(4) 50199.0 139 16.6 111.71 76.44 1.71 −0.44 −8.72
J1743−1351 B1740−13 2.467 −2.910 −0.080(3) 50095.0 184 18.5 19.27 8.52 1.13 <−1.49 −9.88
J1743−3150 B1740−31 0.414 −20.716 −0.0185(7) 50674.0 284 15.3 17.60 8.73 2.76 <−1.22 −9.67
J1744−1134 — 245.426 −0.539 −0.0076(12) 51490.0 282 10.7 0.01 0.01 0.01 <−4.19 −12.95
J1745−3040 B1742−30 2.722 −79.021 −0.0629(18) 50311.0 393 17.3 10.69 4.96 0.18 −2.04 −10.01
J1748−1300 B1745−12 2.537 −7.808 −0.0347(7) 50315.0 289 17.3 5.91 1.86 0.26 −2.10 −10.34
J1748−2021 B1745−20 3.465 −4.803 0.059(8) 50677.0 362 15.3 14.84 13.67 13.67 <−0.75 −9.96
J1748−2444 — 2.258 −0.568 −0.0024(12) 50917.0 190 14.2 1.82 1.80 1.73 <−1.62 −11.02
J1749−3002 B1746−30 1.640 −21.163 −0.052(2) 50653.0 193 15.2 11.54 5.34 1.96 <−1.33 −9.93
J1750−3157 B1747−31 1.098 −0.237 0.0004(4) 50674.0 213 15.3 1.37 1.36 1.36 <−1.55 −11.45
J1750−3503 — 1.462 −0.079 0.031(16) 51426.0 131 11.2 15.89 15.65 15.65 <−0.62 −10.00
J1752−2806 B1749−28 1.778 −25.687 0.0087(10) 46889.0 655 35.8 67.62 63.41 0.44 −1.15 −9.45
J1753−2501 B1750−24 1.893 −50.565 −0.014(5) 49883.0 216 19.6 22.35 21.63 3.82 <−1.22 −9.78
J1754+5201 B1753+52 0.418 −0.274 −0.0003(3) 50095.0 296 18.5 5.08 5.06 5.06 <−0.97 −10.82
J1756−2435 B1753−24 1.491 −0.633 −0.00005(12) 49848.0 232 18.8 0.75 0.75 0.75 <−1.80 −11.67
J1757−2421 B1754−24 4.272 −235.755 0.283(3) 49121.0 397 22.8 92.18 29.55 0.76 −1.04 −9.55
J1759−2205 B1756−22 2.169 −51.171 −0.213(3) 50126.0 388 18.3 49.92 11.50 0.31 −1.73 −9.41
J1759−2922 — 1.741 −14.028 0.0017(9) 51256.0 133 11.9 0.96 0.95 0.95 <−1.46 −11.17
J1801−0357 B1758−03 1.085 −3.897 −0.032(3) 50084.0 201 18.4 22.82 16.73 0.67 <−1.36 −9.71
J1801−2920 B1758−29 0.924 −2.814 −0.0041(8) 51417.0 229 11.0 1.58 1.49 0.59 −1.81 −10.63
J1803−2137 B1800−21 7.484 −7511.371 224.89(3) 49527.0 352 6.7 2375.83 1.87 0.99 0.73 −6.74
J1803−2712 B1800−27 2.990 −0.153 0.0006(10) 50661.0 151 15.1 1.18 1.17 1.17 <−1.06 −11.19
J1804−0735 B1802−07 43.288 −0.875 0.0041(20) 50709.0 433 15.0 0.28 0.28 0.28 <−2.45 −12.05
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Table 1. . . . continued
PSR J PSR B ν ν˙ ν¨ Epoch N Ts σ1 σ2 σ3 ∆8 log σz(10yr)
(s−1) (10−15s−2) (10−24s−3) (MJD) (yr) (ms) (ms) (ms)
J1804−2717 — 107.032 −0.468 −0.008(5) 51440.0 261 10.9 0.07 0.07 0.07 <−3.17 −12.45
J1805+0306 B1802+03 4.572 −20.892 0.0444(18) 50331.0 198 16.9 3.85 1.83 0.26 <−1.76 −10.48
J1806−1154 B1804−12 1.913 −5.157 0.0287(9) 51096.0 180 12.8 3.01 1.06 0.75 <−1.59 −10.50
J1807−0847 B1804−08 6.108 −1.074 −0.00326(10) 48671.0 456 26.3 1.13 0.54 0.09 <−3.00 −11.39
J1807−2715 B1804−27 1.208 −17.768 −0.0863(7) 50291.0 233 17.2 27.64 3.29 0.76 <−1.66 −9.57
J1808−0813 — 1.141 −1.616 0.0026(5) 51271.0 154 12.0 0.99 0.90 0.90 <−1.63 −10.88
J1808−2057 B1805−20 1.089 −20.243 0.0773(6) 49937.0 188 18.8 48.80 4.60 0.97 −0.92 −9.72
J1809−2109 B1806−21 1.424 −7.747 −0.0082(5) 49995.0 227 18.8 4.93 3.09 0.34 −1.91 −10.54
J1812+0226 B1810+02 1.260 −5.711 0.0009(3) 50336.0 244 17.1 1.32 1.28 1.28 <−1.59 −11.00
J1812−1718 B1809−173 0.830 −13.128 0.082(4) 49887.0 234 19.6 84.15 48.55 1.03 −1.20 −8.83
J1812−1733 B1809−176 1.858 −3.390 −0.0137(13) 50688.0 191 15.2 3.81 2.99 2.99 <−1.33 −10.42
J1813+4013 B1811+40 1.074 −2.939 0.01304(20) 50300.0 266 17.2 5.10 1.16 0.85 <−1.64 −10.50
J1816−1729 B1813−17 1.278 −11.873 −0.199(3) 49887.0 238 19.6 106.40 18.59 0.63 −1.46 −9.24
J1816−2650 B1813−26 1.687 −0.189 −0.00109(16) 49573.9 261 23.6 2.04 1.88 1.88 <−1.12 −11.18
J1818−1422 B1815−14 3.431 −23.995 −0.015(4) 49993.0 218 18.8 8.75 8.32 0.28 −1.61 −9.90
J1820−0427 B1818−04 1.672 −17.700 0.0277(7) 47020.0 690 35.1 93.58 45.77 0.66 −1.01 −9.19
J1820−1346 B1817−13 1.085 −5.294 0.0129(3) 50018.0 218 18.9 8.06 2.03 1.18 <−1.64 −10.26
J1820−1818 B1817−18 3.227 −0.975 0.0042(5) 50663.0 170 15.1 0.71 0.58 0.58 −1.69 −11.23
J1821+1715 B1821+17 0.732 −0.466 0.0006(15) 51819.0 112 10.2 2.41 2.39 2.39 <−1.08 −11.33
J1822+0705 — 0.734 −0.941 0.0013(7) 51748.0 102 10.6 1.24 1.15 1.15 <−1.36 −11.05
J1822−1400 B1820−14 4.656 −19.666 −0.101(6) 50042.0 208 18.8 16.84 10.36 0.86 −1.32 −9.79
J1822−2256 B1819−22 0.534 −0.385 0.00007(12) 49120.0 164 16.0 1.10 1.10 1.10 <−1.46 −11.44
J1823+0550 B1821+05 1.328 −0.400 −0.00156(6) 49844.0 365 19.8 1.02 0.60 0.36 <−2.13 −11.08
J1823−0154 — 1.316 −1.960 −0.0085(5) 51276.0 157 12.0 1.36 0.71 0.54 <−1.68 −10.51
J1823−1115 B1820−11 3.574 −17.612 −0.163(4) 49993.0 469 18.8 26.54 11.44 2.88 −1.63 −9.82
J1823−3021A B1820−30A 183.823 −114.336 0.522(4) 50719.0 302 15.0 0.85 0.09 0.09 −2.95 −11.06
J1823−3021B B1820−30B 2.641 −0.225 0.0031(5) 50700.0 303 14.9 0.79 0.72 0.61 <−2.00 −11.11
J1823−3106 B1820−31 3.520 −36.277 −0.134(5) 50315.0 238 17.3 17.68 8.26 0.20 −1.73 −9.67
J1824−1118 B1821−11 2.295 −18.716 0.059(5) 49874.0 233 19.6 26.36 20.37 0.86 −1.35 −9.57
J1824−1945 B1821−19 5.282 −145.939 −0.152(19) 50101.0 351 18.2 37.37 33.81 0.24 −1.19 −9.31
J1824−2452 B1821−24 327.406 −173.519 0.047(7) 50238.0 163 17.4 0.13 0.11 0.09 <−2.56 −12.06
J1825+0004 B1822+00 1.284 −1.445 −0.0076(5) 50336.0 240 17.1 3.29 2.21 0.61 <−1.54 −10.46
J1825−0935 B1822−09 1.300 −88.369 1.541(16) 49831.0 506 19.7 855.97 172.69 1.21 −0.44 −8.15
J1825−1446 B1822−14 3.582 −290.947 0.190(4) 49862.0 234 19.5 41.52 9.05 0.77 −1.38 −9.62
J1826−1131 B1823−11 0.478 −1.121 0.00454(13) 49867.0 340 19.7 7.12 3.17 2.36 <−1.42 −10.55
J1826−1334 B1823−13 9.856 −7293.991 138.2(4) 50639.9 591 11.8 2267.62 123.04 0.58 0.37 −7.28
J1827−0958 B1824−10 4.069 −16.597 −0.0399(15) 49883.0 253 19.6 7.28 3.63 1.73 <−1.60 −10.18
J1829−1751 B1826−17 3.256 −58.852 0.048(3) 50101.0 363 18.2 10.66 7.31 0.44 −0.68 −9.65
J1830−1059 B1828−11 2.469 −365.843 0.865(3) 50031.0 755 18.7 217.18 16.82 0.47 −0.80 −8.68
J1832−0827 B1829−08 1.545 −152.462 −0.011(4) 49868.0 359 19.7 40.85 28.31 0.41 −1.63 −9.82
J1832−1021 B1829−10 3.027 −38.493 0.247(3) 49883.0 372 19.6 52.02 10.37 0.52 −1.57 −9.55
J1833−0338 B1831−03 1.456 −88.139 0.104(5) 50123.0 499 18.3 45.86 30.84 0.50 −0.66 −9.18
J1833−0827 B1830−08 11.725 −1260.890 −1.357(9) 50740.0 351 14.7 37.77 3.72 0.24 −1.49 −9.41
J1834−0010 B1831−00 1.920 −0.039 0.0008(53) 49123.0 148 12.8 5.45 5.40 5.40 <−0.97 −10.98
J1834−0426 B1831−04 3.447 −0.854 0.0208(6) 50165.0 250 18.1 3.22 1.24 0.46 −1.90 −10.45
J1835−0643 B1832−06 3.270 −432.507 0.790(9) 49993.0 256 18.8 164.18 27.53 1.84 −1.37 −9.04
J1835−1106 — 6.027 −748.776 9.4(3) 51289.0 243 12.1 357.22 263.09 0.53 0.39 −8.11
J1836−0436 B1834−04 2.823 −13.239 −0.066(3) 49957.0 246 19.2 18.22 7.52 0.33 −1.67 −9.95
J1836−1008 B1834−10 1.777 −37.278 −0.024(9) 50123.0 279 17.8 37.79 36.84 0.32 −0.70 −9.04
J1837−0045 — 1.621 −4.424 −0.0033(15) 51400.0 193 11.0 1.40 1.38 1.38 <−1.52 −11.18
J1837−0653 B1834−06 0.525 −0.213 0.00002(17) 50014.0 242 18.9 3.10 3.10 3.10 <−1.22 −11.38
J1840+5640 B1839+56 0.605 −0.547 −0.00092(3) 49129.0 385 23.6 2.13 1.14 1.07 −1.72 −10.94
J1841+0912 B1839+09 2.622 −7.496 0.0464(13) 48854.0 374 25.3 28.65 12.80 0.50 −1.23 −9.90
J1841−0425 B1838−04 5.372 −184.443 0.024(12) 49849.0 319 18.6 22.54 21.58 0.21 −1.28 −9.82
J1842−0359 B1839−04 0.543 −0.150 0.00037(13) 49848.0 303 19.6 2.94 2.68 2.68 <−1.39 −10.92
J1844+1454 B1842+14 2.663 −13.281 0.041(8) 49766.0 388 20.3 42.12 40.40 0.40 −1.30 −9.41
J1844−0244 B1842−02 1.970 −64.936 0.073(5) 49884.0 243 19.2 36.09 25.99 2.18 −1.14 −9.52
J1844−0433 B1841−04 1.009 −3.986 −0.00111(11) 50032.0 349 18.8 1.41 1.22 0.70 <−1.86 −10.84
J1844−0538 B1841−05 3.911 −148.445 −0.066(7) 49867.0 295 19.2 20.26 17.26 0.34 −1.59 −9.83
J1845−0434 B1842−04 6.163 −143.413 0.30(4) 49610.0 211 16.7 87.29 31.31 0.71 −0.74 −9.27
J1847−0402 B1844−04 1.673 −144.702 0.0819(3) 49142.0 422 23.7 62.88 2.87 0.39 −1.40 −9.90
J1848−0123 B1845−01 1.516 −12.075 0.037(5) 50407.0 289 16.5 20.01 17.64 0.31 −1.71 −9.61
J1848−1414 — 3.358 −0.158 0.0006(19) 51269.0 142 12.0 1.12 1.12 1.12 <−1.55 −11.78
J1848−1952 B1845−19 0.232 −1.254 −0.00040(19) 50515.0 180 16.2 4.19 4.12 4.12 <−1.18 −10.78
J1849−0636 B1846−06 0.689 −21.953 −0.0109(3) 49142.0 344 23.7 16.65 5.64 0.50 −1.59 −10.16
J1850+1335 B1848+13 2.894 −12.497 −0.01152(17) 50128.0 214 18.3 1.97 0.39 0.26 <−2.11 −10.81
J1851+0418 B1848+04 3.513 −13.431 0.2067(20) 50113.0 254 18.2 29.56 4.36 1.31 <−1.22 −9.99
J1851+1259 — 0.830 −7.924 0.208(5) 50106.0 195 18.4 135.61 41.86 1.00 −1.29 −9.11
J1852+0031 B1849+00 0.459 −20.398 −0.0109(14) 49995.0 232 18.8 33.11 28.91 21.44 <−0.62 −9.50
J1852−2610 — 2.973 −0.775 0.0151(5) 51249.0 125 11.9 0.90 0.29 0.29 <−1.95 −10.78
J1854+1050 B1852+10 1.745 −1.938 0.012(5) 50869.0 266 14.2 11.43 11.30 11.30 <−0.82 −10.16
J1854−1421 B1851−14 0.872 −3.166 −0.0215(7) 50313.0 193 17.3 11.56 4.41 0.69 <−1.83 −10.06
J1856+0113 B1853+01 3.739 −2911.552 25.74(7) 50523.0 344 16.3 3040.36 145.15 1.12 −0.57 −7.56
J1857+0057 B1854+00 2.802 −0.429 −0.0040(12) 50097.0 136 18.5 2.56 2.44 2.44 <−1.18 −10.69
J1857+0212 B1855+02 2.405 −232.901 0.2459(20) 49945.0 280 18.8 72.96 8.82 0.30 −1.82 −9.58
J1857+0943 B1855+09 186.494 −0.620 −0.0015(7) 50027.0 448 18.7 0.04 0.04 0.04 <−3.41 −12.77
J1900−2600 B1857−26 1.633 −0.546 −0.00391(8) 50105.0 228 18.2 1.13 0.31 0.22 <−2.17 −11.16
J1901+0156 B1859+01 3.470 −28.379 −0.0173(20) 49345.0 133 11.6 1.05 0.83 0.27 −2.06 −10.56
J1901+0331 B1859+03 1.526 −17.359 0.091(14) 50312.0 252 17.3 55.53 50.01 0.24 −1.38 −9.24
J1901+0716 B1859+07 1.553 −5.498 0.052(16) 50016.0 365 18.9 136.35 134.19 3.26 −0.56 −8.73
J1901−0906 — 1.122 −1.032 0.00125(20) 51277.0 141 12.0 0.41 0.36 0.36 <−1.76 −11.36
J1902+0556 B1900+05 1.339 −23.098 0.0481(4) 50112.0 354 18.2 18.98 2.22 0.60 <−1.93 −10.05
J1902+0615 B1900+06 1.485 −16.990 −0.0318(7) 50300.0 403 17.2 9.25 3.36 0.36 −1.76 −10.05
J1903+0135 B1900+01 1.371 −7.582 −0.0069(6) 50430.0 243 16.6 2.95 2.21 0.15 −1.82 −10.27
J1903−0632 B1900−06 2.315 −18.223 0.267(16) 50430.0 216 16.6 62.06 40.39 0.43 −1.12 −9.29
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Table 1. . . . continued
PSR J PSR B ν ν˙ ν¨ Epoch N Ts σ1 σ2 σ3 ∆8 log σz(10yr)
(s−1) (10−15s−2) (10−24s−3) (MJD) (yr) (ms) (ms) (ms)
J1904+0004 — 7.167 −6.065 0.042(5) 51269.0 147 12.0 1.79 1.40 0.44 −1.96 −10.55
J1904−1224 — 2.664 −2.634 −0.0003(7) 50695.0 147 12.3 0.62 0.62 0.62 <−1.83 −11.67
J1905+0709 B1903+07 1.543 −11.751 0.562(10) 49856.0 357 19.6 271.41 81.01 7.60 −0.35 −8.75
J1905−0056 B1902−01 1.555 −7.378 −0.0193(3) 50127.0 220 18.3 5.93 1.19 0.25 <−1.94 −10.57
J1906+0641 B1904+06 3.741 −29.895 −0.0036(3) 50016.0 247 18.9 1.02 0.78 0.30 <−2.26 −11.11
J1907+4002 B1905+39 0.809 −0.354 0.000004(97) 49144.0 382 23.7 2.44 2.44 2.44 <−1.57 −11.34
J1909+0007 B1907+00 0.983 −5.336 0.0078(10) 49121.0 329 23.6 21.56 19.41 0.47 −1.59 −9.87
J1909+0254 B1907+02 1.010 −5.634 0.0724(4) 50496.0 265 16.3 27.54 2.06 0.72 <−1.81 −9.73
J1909+1102 B1907+10 3.526 −32.811 −0.030(7) 50316.0 379 17.3 14.12 13.23 0.19 −1.62 −9.93
J1910+0358 B1907+03 0.429 −0.822 0.0305(12) 50428.0 195 16.6 32.23 15.07 4.09 <−0.86 −9.55
J1910+1231 B1907+12 0.694 −3.959 0.00079(15) 49275.0 174 22.8 2.49 2.29 2.29 <0.18 −10.90
J1910−0309 B1907−03 1.982 −8.593 −0.086(5) 50430.0 187 16.6 21.94 11.99 0.66 −1.35 −9.44
J1911−1114 — 275.805 −1.065 0.016(9) 51513.0 254 10.5 0.05 0.05 0.05 <−3.34 −13.15
J1912+2104 B1910+20 0.448 −2.042 −0.00146(12) 50299.0 253 17.2 2.18 1.72 1.72 <−1.35 −10.96
J1913+1400 B1911+13 1.918 −2.955 −0.0139(4) 50314.0 256 17.3 3.16 1.18 0.24 <−2.00 −10.64
J1913−0440 B1911−04 1.211 −5.963 0.01485(17) 47036.0 543 35.0 53.91 13.10 0.44 −1.23 −10.00
J1915+1009 B1913+10 2.472 −93.191 0.0398(12) 50389.0 455 16.8 8.22 4.06 0.29 −1.96 −10.24
J1915+1606 B1913+16 16.941 −2.476 0.0035(10) 46444.0 346 18.3 0.47 0.46 0.38 <−2.12 −11.30
J1915+1647 B1913+167 0.619 −0.155 0.00047(10) 49290.0 258 22.9 2.77 2.63 2.63 <−1.22 −10.71
J1916+0951 B1914+09 3.700 −34.482 −0.0201(8) 50312.0 291 17.3 2.65 1.43 0.24 −2.23 −10.61
J1916+1312 B1914+13 3.548 −46.005 −1.25(5) 50312.0 310 17.3 207.46 82.80 0.36 −0.20 −8.46
J1917+1353 B1915+13 5.138 −189.996 0.323(5) 50161.0 517 18.1 33.81 10.81 0.17 −2.07 −9.67
J1917+2224 B1915+22 2.348 −15.798 −0.017(6) 51813.0 208 10.3 3.80 3.63 3.63 <−1.61 −10.49
J1918+1444 B1916+14 0.847 −152.252 −0.106(8) 50088.0 476 18.5 145.13 110.76 1.04 −0.81 −9.02
J1919+0021 B1917+00 0.786 −4.739 0.0046(8) 49832.0 368 19.7 13.57 12.89 0.88 <−1.72 −10.05
J1920+2650 B1918+26 1.273 −0.056 0.0002(4) 50095.0 124 18.5 1.54 1.52 1.52 <−0.99 −11.30
J1921+1419 B1919+14 1.618 −14.657 0.0308(9) 48698.0 305 26.0 30.88 13.52 2.09 <−1.10 −10.21
J1921+1948 B1918+19 1.218 −1.329 0.0015(3) 48395.9 174 23.7 3.64 3.26 3.26 <−0.49 −10.56
J1921+2153 B1919+21 0.748 −0.754 −0.00009(3) 48469.7 304 22.1 0.50 0.48 0.48 <−2.23 −11.77
J1922+2018 B1920+20 0.853 −0.472 −0.0009(4) 50085.0 195 18.4 3.41 3.35 3.35 <−0.83 −10.61
J1922+2110 B1920+21 0.928 −7.038 0.042(3) 50305.0 344 17.3 26.56 18.98 1.10 −1.65 −9.72
J1926+0431 B1923+04 0.931 −2.130 0.0153(3) 50300.0 206 17.0 6.66 1.41 0.67 <−1.50 −10.58
J1926+1434 B1924+14 0.755 −0.125 0.00013(13) 49142.0 137 23.7 2.18 2.16 2.16 −0.72 −10.77
J1926+1648 B1924+16 1.725 −53.525 0.015(6) 50122.0 436 18.3 32.14 31.48 0.81 −1.64 −9.74
J1932+1059 B1929+10 4.415 −22.560 −0.0210(16) 46926.0 769 35.7 49.73 44.15 0.21 −1.82 −9.98
J1932+2020 B1929+20 3.728 −58.626 −0.179(4) 50302.0 224 17.2 21.32 5.38 0.26 −1.69 −9.94
J1932+2220 B1930+22 6.922 −2756.784 41.01(16) 51867.0 411 8.9 432.99 31.86 0.55 0.04 −7.96
J1933+2421 B1931+24 1.229 −12.216 0.702(13) 51014.0 580 13.7 111.46 43.12 1.03 −0.86 −8.88
J1935+1616 B1933+16 2.788 −46.642 0.01430(11) 46827.0 936 36.2 29.13 6.00 0.19 −2.31 −10.41
J1937+2544 B1935+25 4.976 −15.917 −0.0026(3) 50126.0 370 18.3 0.51 0.45 0.20 <−2.56 −11.12
J1939+2134 B1937+21 641.928 −43.314 0.0174(8) 49389.0 517 22.2 0.10 0.03 0.03 <−3.11 −12.38
J1939+2449 B1937+24 1.550 −43.898 0.72(4) 50351.0 277 13.0 122.73 76.48 1.90 −0.43 −8.52
J1941−2602 B1937−26 2.482 −5.892 −0.00815(9) 50498.0 193 16.3 1.31 0.18 0.10 <−2.17 −11.02
J1943−1237 B1940−12 1.028 −1.751 0.00039(8) 49145.0 139 23.7 1.24 1.12 0.45 <−0.90 −10.70
J1944−1750 B1941−17 1.189 −1.394 0.0095(7) 50314.0 139 17.3 4.88 3.09 1.96 <−0.98 −10.34
J1945−0040 B1942−00 0.956 −0.489 0.00008(10) 48532.0 141 27.0 1.91 1.90 1.90 <−0.46 −11.23
J1946+1805 B1944+17 2.270 −0.124 0.00035(15) 49291.0 241 22.9 0.98 0.97 0.97 <−1.75 −11.24
J1946−2913 B1943−29 1.042 −1.617 −0.00137(7) 49123.0 118 23.6 1.87 0.84 0.72 <−0.96 −11.08
J1948+3540 B1946+35 1.394 −13.723 0.0048(3) 49852.0 459 19.8 3.83 3.02 0.20 −2.30 −10.49
J1949−2524 B1946−25 1.044 −3.566 −0.00068(9) 48533.0 129 23.7 1.41 1.17 0.53 <−1.43 −10.91
J1952+1410 B1949+14 3.636 −1.694 0.0023(19) 50096.0 164 16.0 1.75 1.74 1.74 <−1.28 −11.15
J1952+3252 B1951+32 25.296 −3739.490 17.51(10) 50249.0 760 17.8 452.10 56.20 0.34 −0.57 −8.52
J1954+2923 B1952+29 2.344 −0.009 0.00002(8) 49137.0 242 16.3 0.19 0.19 0.19 <−2.16 −12.23
J1955+2908 B1953+29 163.048 −0.789 −0.002(4) 49456.0 314 21.8 0.43 0.43 0.43 −1.97 −11.89
J1955+5059 B1953+50 1.927 −5.096 −0.00908(6) 49145.0 406 23.7 4.62 0.58 0.13 <−2.59 −10.83
J1957+2831 — 3.250 −32.849 0.0180(18) 51873.0 277 10.0 1.34 1.04 0.54 −2.02 −10.60
J2002+3217 B2000+32 1.435 −216.619 −0.88(3) 50015.0 497 18.9 473.25 232.21 0.98 −0.65 −8.37
J2002+4050 B2000+40 1.105 −2.123 −0.00214(7) 50094.0 388 18.5 1.11 0.58 0.39 <−2.22 −10.95
J2004+3137 B2002+31 0.474 −16.723 −0.0111(5) 49142.0 425 23.7 28.67 18.41 0.46 <−1.59 −9.92
J2005−0020 — 0.877 −9.876 −0.002(3) 51404.0 140 11.0 3.56 3.53 3.53 <−1.30 −10.95
J2006−0807 B2003−08 1.722 −0.136 −0.0033(7) 50190.0 303 17.7 2.91 2.78 2.78 <−1.56 −10.99
J2013+3845 B2011+38 4.344 −167.035 0.0150(11) 50094.0 458 18.5 4.99 2.60 0.58 −2.13 −10.52
J2018+2839 B2016+28 1.792 −0.476 0.00469(3) 46774.0 618 36.5 12.69 1.58 0.30 <−2.43 −10.86
J2019+2425 — 254.160 −0.454 −0.032(16) 51351.0 170 11.5 0.09 0.09 0.09 <−3.08 −12.31
J2022+5154 B2021+51 1.890 −10.939 −0.0188(7) 47028.0 781 35.1 64.59 45.72 0.33 −1.95 −9.82
J2023+5037 B2022+50 2.684 −18.091 0.0403(10) 50313.0 365 17.3 7.21 3.02 0.20 <−2.28 −10.28
J2029+3744 B2027+37 0.822 −8.323 −0.0642(4) 50094.0 231 18.5 42.21 3.47 0.93 <−1.49 −9.71
J2030+2228 B2028+22 1.586 −2.225 0.0134(7) 51088.0 161 13.1 1.80 0.93 0.53 <−1.17 −10.60
J2037+3621 B2035+36 1.616 −11.771 −0.48(3) 50093.0 163 18.5 183.77 99.25 1.61 −0.75 −8.31
J2038+5319 B2036+53 0.702 −0.465 0.0012(5) 50122.0 93 13.9 1.95 1.87 1.87 <−1.00 −10.77
J2046+1540 B2044+15 0.879 −0.141 0.00006(5) 49850.0 342 19.8 0.73 0.73 0.73 <−1.98 −11.80
J2046+5708 B2045+56 2.098 −48.934 0.0100(12) 50155.0 299 18.0 5.46 4.78 1.81 <−1.49 −10.12
J2046−0421 B2043−04 0.646 −0.615 0.00018(5) 49763.0 353 20.3 0.89 0.87 0.87 <−2.05 −11.43
J2048−1616 B2045−16 0.510 −2.848 −0.00144(4) 46827.0 594 36.1 13.05 11.28 0.53 <−2.10 −10.43
J2051−0827 — 221.796 −0.626 0.011(11) 51481.0 303 10.7 0.08 0.08 0.08 −3.25 −12.80
J2055+2209 B2053+21 1.227 −2.017 −0.00035(8) 50095.0 254 18.5 0.54 0.51 0.51 <−1.55 −11.64
J2055+3630 B2053+36 4.515 −7.524 −0.0116(3) 49753.0 472 20.2 1.86 0.69 0.12 −2.58 −10.93
J2108+4441 B2106+44 2.410 −0.501 0.0012(3) 50315.0 292 17.3 0.64 0.61 0.61 <−1.79 −11.55
J2113+2754 B2110+27 0.831 −1.813 0.00031(4) 49133.0 384 23.6 0.89 0.79 0.71 <−1.73 −11.25
J2113+4644 B2111+46 0.986 −0.694 0.01772(8) 47007.0 601 35.2 84.39 8.20 2.56 −1.53 −10.24
J2116+1414 B2113+14 2.272 −1.494 −0.0039(4) 49855.0 373 19.8 2.25 1.87 0.41 <−2.18 −10.74
J2124+1407 B2122+13 1.441 −1.594 0.0042(3) 50276.0 79 17.2 1.54 0.73 0.73 <−0.25 −10.77
J2124−3358 — 202.794 −0.846 0.011(8) 51284.0 227 11.7 0.08 0.08 0.08 <−3.15 −12.66
J2145−0750 — 62.296 −0.115 −0.0010(4) 51173.0 470 12.3 0.02 0.02 0.02 −3.70 −13.20
J2149+6329 B2148+63 2.631 −1.177 −0.00139(11) 49852.0 388 19.8 0.67 0.56 0.23 −1.97 −10.97
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Table 1. . . . continued
PSR J PSR B ν ν˙ ν¨ Epoch N Ts σ1 σ2 σ3 ∆8 log σz(10yr)
(s−1) (10−15s−2) (10−24s−3) (MJD) (yr) (ms) (ms) (ms)
J2150+5247 B2148+52 3.010 −91.574 −0.0243(11) 50094.0 401 18.5 6.18 3.68 0.20 −1.88 −10.17
J2155−3118 B2152−31 0.971 −1.169 0.0022(4) 50429.0 125 16.6 2.06 1.80 1.80 <−0.96 −11.00
J2157+4017 B2154+40 0.656 −1.477 −0.0376(4) 49686.0 474 20.5 46.24 8.26 0.98 −1.89 −9.86
J2212+2933 B2210+29 0.995 −0.491 −0.00257(14) 50093.0 304 18.5 1.75 1.18 1.12 <−1.50 −10.80
J2219+4754 B2217+47 1.857 −9.537 −0.00296(5) 46471.0 510 35.3 7.64 2.61 0.61 −1.71 −10.55
J2222+2923 — 3.554 −0.078 0.0032(15) 51671.0 258 11.0 0.97 0.95 0.95 <−2.04 −11.23
J2225+6535 B2224+65 1.465 −20.734 0.0151(11) 49142.0 517 23.7 19.39 16.46 0.80 −1.35 −9.87
J2229+2643 — 335.816 −0.171 −0.011(6) 51625.0 279 11.1 0.04 0.04 0.04 <−3.18 −13.39
J2229+6205 B2227+61 2.257 −11.489 −0.0117(9) 50081.0 215 18.2 3.88 2.80 0.45 <−1.74 −10.30
J2242+6950 B2241+69 0.601 −1.741 −0.0003(3) 50092.0 115 18.5 3.54 3.27 3.27 <−0.28 −10.72
J2248−0101 — 2.095 −2.894 0.0354(8) 51270.0 171 12.0 3.20 0.81 0.48 −1.85 −10.27
J2257+5909 B2255+58 2.716 −42.428 −0.102(3) 50502.0 236 16.1 16.41 5.88 0.14 −1.90 −9.71
J2305+3100 B2303+30 0.635 −1.165 −0.00131(11) 50302.0 278 17.4 1.44 1.14 0.70 <−1.44 −10.83
J2305+4707 B2303+46 0.938 −0.500 −0.0012(7) 50088.0 186 18.5 4.49 4.44 4.44 <−0.70 −10.70
J2308+5547 B2306+55 2.105 −0.884 −0.00551(14) 49841.0 394 19.7 2.02 0.87 0.51 <−2.12 −10.94
J2313+4253 B2310+42 2.862 −0.920 0.00629(8) 48202.7 499 26.3 3.62 0.94 0.12 −2.83 −10.99
J2317+1439 — 290.255 −0.204 −0.005(7) 51656.0 230 11.0 0.04 0.04 0.04 <−3.39 −13.19
J2317+2149 B2315+21 0.692 −0.502 −0.00008(3) 49142.0 300 20.2 0.55 0.54 0.54 <−1.85 −11.71
J2321+6024 B2319+60 0.443 −1.382 −0.00118(4) 49332.0 348 22.6 3.14 1.38 1.12 <−1.11 −10.69
J2322+2057 — 207.968 −0.418 0.007(11) 51335.0 151 11.4 0.08 0.07 0.04 <−2.99 −12.73
J2325+6316 B2323+63 0.696 −1.370 0.00053(11) 48714.0 381 26.1 4.58 4.42 4.42 <−1.16 −10.67
J2326+6113 B2324+60 4.280 −6.458 0.00202(19) 50069.0 395 18.5 0.52 0.46 0.27 −2.57 −11.29
J2330−2005 B2327−20 0.608 −1.714 −0.00007(12) 50304.0 232 17.3 1.11 1.10 1.10 <−1.37 −11.96
J2337+6151 B2334+61 2.019 −781.495 3.1256(8) 50094.0 465 18.5 1064.52 4.43 1.19 −0.33 −8.29
J2346−0609 — 0.846 −0.977 −0.0014(3) 51426.0 236 11.2 0.63 0.60 0.60 <−1.94 −11.37
J2354+6155 B2351+61 1.058 −18.219 0.0233(4) 49276.0 375 22.8 23.91 6.66 0.42 −1.89 −9.99
shorter time intervals of between 1 and 35-years. Clearly any
simple classification scheme would change depending on the
length of the data span.
Glitch events lead to clear signatures in the timing
residuals. As the fitting procedure used for Figure 3 re-
moves a quadratic-term, any glitch event will exhibit a cusp
(corresponding to a local maximum) in the timing residu-
als (good examples being PSRs B0154+61, B0525+21 and
B2255+58). A large number of unpublished glitch events
can be identified in these data sets and will be described
in a forthcoming publication. We discuss the phenomenon
known as “slow glitches” in §3.2.4.
3.1 Ruling out some models of timing noise
Some pulsars in our sample are also observed as part of long-
term timing programs at other observatories. In all such
cases we see the same large-scale features and hence tim-
ing noise is not caused by observing systems or the data
processing being carried out at a particular observatory.
For instance, Shabanova, Lyne & Urama (2001) combined
data from the Jodrell Bank, Hartebeesthoek and Pushchino
observatories for PSR B1642−03 and saw no observatory-
dependent artefacts.
The timing noise features are also not caused by the
off-line processing. We have used the Tempo2 timing pack-
age which has been designed for high precision timing ap-
plications and is accurate for known physical effects at the
1 ns level of precision (Hobbs, Edwards & Manchester 2006).
However, we have compared timing residuals using three
pulsar timing packages, psrtime, tempo and tempo2 for
many of our pulsars and see the same features in all cases.
The timing procedure relies on corrections being applied to
correct the observatory clocks to the terrestrial time scale.
Inaccuracies in this time transfer and in the terrestrial time
scale are expected to be at the 100 ns-1µs level (see, e.g.
Rodin 2008) which will not affect the features of the tim-
ing noise described here. Finally, tempo2 converts the ob-
Figure 4. The timing residuals for PSR B1900+01 (filled cirl-
ces) overlaid on the timing residuals for PSR B1745−20 (cross
symbols).
served TOAs to barycentric arrival times using a plane-
tary ephemeris. Changing between the DE200, DE405 and
DE414 ephemerides (Standish 2004) only changes the rms
timing residuals by ∼ 1µs and does not affect the large-scale
timing noise.
For high-precision millisecond-pulsar timing, small fea-
tures in the timing residuals can occur from incomplete cali-
bration of the polarisation of the pulse profiles and are likely
to be a small fraction of the pulse width. However, the tim-
ing residuals described in this paper are much larger than a
typical pulse width. In addition, changes in pulse shape are
likely to produce small step-changes in the timing residuals.
The timing noise phenomena described here produce much
larger effects and have different characteristic shapes in the
residuals.
It has been postulated that the effects of interstellar or
interplanetary dispersion measure (DM) variations may lead
to timing noise. However, any effects caused by the inter-
stellar medium (ISM) will be dependent upon the observing
frequency. As shown in Figure 6, the timing noise seen in
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Figure 3. Timing residuals after subtraction of the pulsar’s spin frequency and its first derivative over the 38 years from MJD 39856
(year 1968) to 53736 (year 2006). The three labels on the left provide the pulsar name, the range from the minimum to maximum
residuals (s) and the same range scales by the pulsar’s rotational period.
our data is identical at all observing frequencies and so the
large-scale low frequency noise is not caused by the ISM. It
is, however, possible that some smaller scale variations are
due to the ISM. A recent analysis of millisecond pulsars (You
et al. 2007a) shows typical timing variations caused by vari-
ations in the pulsar’s DM of up to a few microseconds (at an
observing frequency ∼ 1.4GHz). Interplanetary DM varia-
tions, mainly due to the solar wind (You et al. 2007b), also
induce frequency-dependent residuals, but these are mod-
elled with sufficient precision within tempo2.
3.2 Properties of the timing noise
3.2.1 The “amount” of timing noise
In order to characterise the stability of each pulsar and to
determine a measure of the “amount of timing noise” we
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. . . . continued
first calculate the ∆8 value introduced by Arzoumanian et
al. (1994),
∆8 = log10
„
1
6ν
|ν¨|t3
«
(1)
where the spin-frequency, ν, and its second derivative, ν¨,
are measured over a t = 108 s interval5. As our pulsar data-
sets contain at least 10 yr of data, we compare the average
5 This interval of ∼ 3.16 yr has no physical meaning and was the
typical data span for the Arzoumanian et al. (1994) data sets.
∆8 value (listed in Table 1) to its variance obtained by fit-
ting for ν and ν¨ in unique 3 yr segments. Upper bounds
are provided for pulsars in which the measured ν¨ is not
significant at the 2σ level. In Figure 7 we plot ∆8 versus
the pulse period derivative. The dotted line corresponds to
∆8 = 6.6 + 0.6 log P˙ as obtained by Arzoumanian et al.
(1994) by eye. Our data suggest that this is slightly low; a
linear least-squares fit to our data for non-recycled pulsars
and where the ∆8 measurement is not an upper-limit (shown
as a dashed line) gives that
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. . . . continued
∆8 = 5.1 + 0.5 log P˙ . (2)
We therefore confirm the correlation between timing noise
and spin-down rate (and the implication that younger pul-
sars with large spin-down rates exhibit more timing noise
than older pulsars) that has been described in earlier work.
The ∆8 parameter provides a measure of the pulsar
noise at a single time scale. Full information about the spec-
tral components of a data set are needed to characterise
the timing noise in detail. Unfortunately, both the irregu-
lar data sampling and the low frequency noise process make
power spectral determination difficult (however see §3.2.3).
Matsakis, Taylor & Eubanks (1997) generalised the Allan
variance (traditionally used for measuring clock stability) to
obtain a statistic that provides a measure of pulsar stability
at various time scales. Their parameter,
σz(τ ) =
τ 2
2
√
5
〈c2〉1/2, (3)
where the magnitude, c, of cubic terms fitted to short sec-
tions of the dataspan (of length τ ) are averaged. For timing
residuals whose power spectral density can be modelled as
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. . . . continued
S(f) ∝ fα (4)
then, for α < +1, σz(τ ) will also follow a power-law with
σz(τ ) ∝ τβ (5)
where β = −(α + 3)/2. Models of timing noise (e.g.
D’Alessandro et al. 1995) which assume that the pulsar spin
is affected by a random walk in the pulse phase, frequency
or slow-down rate produce a power-law for the power spec-
tral density with α = −1, −3 and −5 respectively (corre-
sponding to β = −1, 0 and +1). Timing residuals not af-
fected by timing noise will have a flat spectrum (α = 0) and
hence β = −3/2. In Figure 8 we show representative σz(τ )
plots. As expected for PSR B0031−07, whose residuals are
dominated by TOA uncertainties, σz(τ ) has a gradient of
β = −3/2 (dotted line) with the possibility of a turn-over
corresponding to small-amplitude timing noise at large time
scales (> 10 yr). The timing residuals for PSR B0628−28
were reported in D’Alessandro et al. (1995) as being consis-
tent with phase noise (β = −1). However, our results show
that σz(τ ) decreases with β = −1 until a time-scale around
2 yr before increasing with β = +1 (or α = −5) correspond-
ing, in the idealised model, to a random walk in ν¨. σz(τ ) for
PSR B1642−03 has a more complex oscillatory form. We
therefore confirm the conclusion of Cordes & Downs (1985)
that the timing residuals can not be modelled by a simple
random walk process.
In order to search for correlations with the amount of
timing noise and various pulsar parameters we tabulate, in
Table 1, σz(10yr) and plot this parameter in Figure 9. The
following correlations are found:
• σz(10yr) versus ν: the correlation coefficient measured
using only the non-recycled pulsars is ρ = 0.3. We therefore
confirm the Cordes & Helfand (1980) conclusion that timing
noise is only weakly correlated with pulse period. We also
highlight that the recycled pulsars significantly deviate from
the trend given by the non-recycled pulsars.
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Figure 5. The timing residuals for PSR B1818−04 obtained from different section of the entire data-span available. In each section the
pulsar’s spin-frequency and its first derivative have been fitted. The data spans are approximately a) 1 yr, b) 1.5 yr, c) 5 yr, d) 6 yr, e)
11 yr and f) the full 35 yr.
• σz(10yr) versus ν˙: In this case ρ = 0.76 confirming that
timing noise is strongly correlated with the pulse frequency
derivative with pulsars having the fastest spin-down rate
being more affected by timing noise than pulsars (such as
the millisecond pulsars) with slower spin-down rates.
• σz(10yr) versus τc: The strong anti-correlation with
ν˙ and weak correlation with ν implies that a large anti-
correlation exists between timing noise and characteristic
age (ρ = −0.76); pulsars with small characteristic ages ex-
hibit more timing noise than older pulsars. We note that
the amount of timing noise in millisecond pulsars seems to
follow this correlation.
• σz(10yr) versus Bs: A weak correlation (ρ = 0.50) ex-
ists with the surface magnetic field strength. A significant
outlying point has Bs ∼ 2 × 109 G and corresponds to the
triple pulsar system PSR B1620−26 in the globular cluster
M4. The high σz value can be explained as being caused by
the acceleration of the pulsar in the cluster’s gravitational
field. The timing residuals for this pulsar have been studied
by numerous authors (e.g. Thorsett et al., 1999, Ford et al.
2000 and Beer, King & Pringle 2004).
• σz(10yr) versus E˙: A strong anti-correlation (ρ =
−0.71) exists with the spin-down energy loss rate E˙ ∝
P˙ /P ∝ ν˙ν.
• log10[σz(10yr)] versus time span: No correlation is
found between the pulsar stability at 10 yr and the total
observational period (ρ = −0.03).
In order to predict the amount of timing noise for a
given pulsar we searched through multiple combinations of
ναν˙β and obtained a maximum correlation coefficient of ρ =
0.77 for
log
10
[σz(10yr)] = −1.37 log10[ν0.29|ν˙|−0.55] + 0.52. (6)
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Figure 6. The timing residuals for PSR B1540−06 with an ar-
bitrary offset applied between observations at different observing
frequencies. The bottom set of residuals contains observations
close to 400MHz, the middle residuals at 600MHz and the top
at 1400MHz.
Figure 7. The ∆8 parameter versus the pulse period derivative.
Upper limits are displayed as downward pointing triangles. The
dotted line gives the best fit to the data of Arzoumanian et al.
(1994). The dashed line is the best fit straight line to our obser-
vations.
This expression6, plotted in Figure 10, allows the predic-
tion the amount of intrinsic timing noise over a 10 yr time
scale for any pulsar. In order for pulsar timing array ex-
periments to be sensitive to gravitational wave signals it is
necessary for σz(10 yr) . 10
−14 (e.g. Hobbs et al. 2009). On
a 10 yr timescale our results suggest that the residuals for
the majority of the millisecond pulsars in our sample will
be dominated by timing noise and not by the residuals in-
duced by the gravitational wave background (assuming that
such a background exists and that the expression above is
valid for millisecond pulsars). However, there are a few pul-
sars where the timing noise is at a much lower level. For
instance, the timing residuals for PSR J0437−4715 have an
rms of ∼ 200 ns over a ten-year time scale (Verbiest et al.
6 Note that ν0.29|ν˙|−0.55 can be written in terms of the charac-
teristic age and pulse period as ∼ (Pτc)0.3.
Figure 8. σz(τ) for PSRs B0031−07 (cross symbols), B0626−28
(square) and B1642−03 (triangle). The dotted line indicate tim-
ing residuals with spectral exponents of α = 0, the dashed line
for α = −1 and the dot-dashed line for α = −5. The solid lines
are a cubic spline fit through the data points.
Figure 10. σz(10yr) is plotted versus να|ν˙|β where α and β were
chosen to produce the highest correlation coefficient for the non-
recycled pulsars (circles). The recycled pulsars are overlaid (star
symbols). The horizontal dotted line is the predicted level of a
gravitational wave background.
2008). A study of the timing noise for the most stable mil-
lisecond pulsars is currently being undertaken and will be
published elsewhere.
3.2.2 Significant ν¨ values
The residuals for pulsars whose residuals are dominated by
a significant ν¨ value take the form of a cubic polynomial.
For a pulsar slowing down by magnetic dipole braking then
the value of ν¨ is expected to be
ν¨ =
nν˙2
ν
(7)
where the braking index, n = 3. The measured braking in-
dices for the non-recycled pulsars range from −287986 to
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Figure 9. σz(10yr) versus (a) pulse frequency, (b) frequency deriative, (c) characteristic age, (d) surface magnetic field strength, (e)
energy loss rate and (f) data span.
+36246 with a mean of −1713 and median of 22. If we re-
strict our sample to pulsars where we have data spanning
more than 30 years we obtain braking indices ranging from
−1701 to +36246 with a mean of +3750 and median of +29.
For the simple model of magnetic dipole braking then the ν¨
value will be positive. Out of our sample of 366 pulsars, 193
(53%) have a positive ν¨ value and the remaining 173 (47%)
have negative ν¨ (we obtain similar statistics if we restrict our
sample to only those pulsars with significantly measured ν¨
values). As concluded in H04, the observed ν¨ values for the
majority of pulsars are not caused by magnetic dipole radi-
ation nor any other systematic loss of rotational energy, but
are dominated by the amount of timing noise present in the
residuals and the data span.
Johnston & Galloway (1999, JG99) derived a new
method for determining pulsar braking indices which only
requires measurements of ν and ν˙. Our sample contains 17
pulsars that are in common with the JG99 sample. In general
our braking indices are not consistent with those in JG99.
To understand the reason for this inconsistency we consider
PSR B0740−28 for which we have a ∼21 yr data-span. Our
measurement for n is inconsistent with JG99 who obtain a
positive value n = 25.6(8). With our entire data-span we
obtain n = −10.0(7). If we select a shorter data-set between
MJDs 46690 and 51162 we obtain n = −65.7(7) and between
MJDs 48892 and 53451 we get n = +68.5(5). If we measure
the pulse parameters from both the earliest 3 yr of data and
the most recent then we can use the same methodology as
JG99. Using this method we obtain that n = 18.5(3). A
similar analysis using ∼ 200 d of data gives n = −48(2).
The work of Alpar & Baykal (2006) was based upon JG99
and concluded that many pulsars with anomalous positive
ν¨ measurements obey a scaling between ν¨ and glitch pa-
rameters. They also reported that negative ν¨ values can be
understood in terms of glitches that were missed or unre-
solved. However, as our results are not consistent with those
analysed in the JG99 paper, the Alpar & Baykal (2006) and
JG99 conclusions need to be treated with caution.
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Figure 11. The measured ν¨ values versus characteristic ages.
Pulsars with ν¨ > 0 are indicated using ‘plus’ signs, with ‘circles’
for those with ν¨ < 0.
Plotting the ν¨ values versus characteristic age (Fig-
ure 11 allows us to identify that the six youngest pulsars in
our sample all have ν¨ > 0 (as indicated with ‘plus’ symbols
on the diagram). Glitch events prior to the first observa-
tion will induce ν¨ > 0 (e.g. Lyne, Shemar & Graham-Smith
2000). Our data are therefore consistent with the timing
residuals for all pulsars younger than τc ∼ 105 yr being dom-
inated by the recovery from a glitch (or from glitch events
that occurred during the observation span). For the very
youngest pulsars it seems that glitch activity is small (She-
mar & Lyne 1996) and any timing noise is dominated by
magnetic braking. Hence, for these pulsars braking indices
close to 3 are expected and observed. For pulsars with char-
acteristic ages > 105, 52% have ν¨ > 0 and the remainder
(48%) have ν¨ < 0. As almost equal numbers of pulsars have
each sign of ν¨ we suggest that the timing noise seen in older
pulsars is not caused by glitch recovery nor magnetic brak-
ing, but from some other process.
In the timing residuals that span many years we see
many fewer cubic structures (corresponding to large, signif-
icant ν¨ values) than for shorter data spans. In Figure 12
we plot |ν¨| values obtained from the PSR B0329+59 data
set with various data spans. For data spanning ∼ 10 yr we
measure a large, significant ν¨ value and, hence, the timing
residuals take the form of a cubic polynomial. For data span-
ning more than ∼ 25 yr we see no significant cubic term. The
braking index measured from the ν¨ value with the longest
data span of n = 75 is still significantly greater than that
expected from magnetic dipole braking.
For the pulsars dominated by a significant ν¨ we plot,
in Figure 13, the timing residuals after a cubic polynomial
has been fitted and removed. In the presence of a steep red-
noise spectrum we would expect the resulting residuals to be
dominated by a quartic polynomial. However, in most cases
we see significantly more quasi-periodic structures (good
examples being PSRs B1540−06, B1826−17, B1828−11
and B1853+01). The recycled pulsars, PSR B1620−26 and
B1820−30A are unusual in that they are the only recy-
cled pulsars with large frequency derivatives. They both lie
close to the cores of globular clusters (M4 and NGC6624
respectively) and the significant ν¨ values can therefore be
explained as being caused by the acceleration of the pul-
Figure 12. Values of |ν¨| obtained using differing data spans for
PSR B0329+54. The circles indicate ν¨ < 0 and the cross symbols
otherwise. The horizontal dashed line indicates ν¨ = 3.4× 10−29,
the value expected if the spin-down is dominated by magnetic
dipole braking.
sar in the gravitational field of the cluster as a whole or of
neighbouring stars.
3.2.3 Periodicities
For each of our pulsars we have obtained a power spectrum.
A detailed description of our method for obtaining power
spectra in the presence of steep red-noise and irregularly
sampled data is beyond the scope of this paper and will
be presented elsewhere. Here we concentrate on those pul-
sars (PSRs B1540−06, B1642−03, B1818−04, B1826−17,
B1828−11 and B2148+63) which show significant period-
icities or quasi-periodic structures. A Lomb-Scargle power
spectrum that has been oversampled by a factor of four
(Press et al. 1986) for each of these pulsars is shown in Fig-
ure 14 after whitening the timing residuals by fitting a ν¨
term.
• PSR B1540−06: A significant periodicity is observed
with a period of 4.38 yr. It is possible that the periodic signal
is caused by the orbital motion of an unmodelled Earth-mass
planetary companion. Including such a companion in the
timing fit indicates an orbital period of Pb = 1530(3) days,
a projected semi-major axis of a sin i = 0.00393(7) and an
epoch of periastron of T0 = 48992(5). The rms timing resid-
ual decreases from 7.0ms without subtracting a cubic term
or binary companion, 3.0ms after subtracting the cubic term
alone and 1.1ms after subtracting the cubic and binary pa-
rameters. However, significant structure remains in the tim-
ing residuals after the removal of these terms and we do not
consider this as compelling evidence for a planetary com-
panion. In the top-left panel of Figure 15 we show one os-
cillation of the timing residuals. For this pulsar the radii of
curvature (and hence the magnitude of the local value of ν˙)
at the maxima and minima are similar.
• PSR B1642−03: The timing residuals for this pulsar
show a clear quasi-periodic structure. The time between suc-
cessive peaks ranges from 3.4 yr to 6.6 yr. In Figure 15 we
show three local maxima and overplot dashed lines with a
gradient of +5 × 10−5 s day−1. We note that the radius of
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Figure 13. Pulsar timing residuals after the removal of a cubic term.
curvature is smaller at local maxima than minima suggest-
ing that the residuals between a local maxima and the next
minima can be modelled simply as two discrete ν˙ values.
This pulsar therefore has three separate slow down rates.
The quasi-periodic nature of the timing residuals implies
that the power spectrum (Figure 14) does not show a single
periodicity, but rather multiple low frequency components
(which we consider as evidence against the free-precession
model of Shabanova, Lyne & Urama 2001).
• PSR B1818−04: The timing residuals shows a clear
oscillation where the time between local maxima ranges be-
tween ∼ 7 and ∼ 10 years. The spectrum contains significant
low frequency power, but no significant individual periodic-
ities.
• PSR B1826−17: The power spectrum for this pulsar
shows a significant periodicity of 2.9 yr. However, the time
between successive peaks ranges from 2.4 to 3.2 yr suggesting
a variation in this periodicity of ∼ 10%. It is clear from
Figure 15 that this pulsar is similar to PSR B1642−03 where
local maxima have a smaller radii of curvature than local
minima.
• PSR B1828−11: The timing residuals for
PSR B1828−11 are dominated by a significant fre-
quency derivative. However, if this cubic polynomial term
is fitted and removed then the timing residuals show the
clear periodic structures reported by Stairs, Lyne & Shemar
(2000). Previously these periodicities, and correlated pulse
shape changes, have been explained by free-precession of the
neutron star. However, counter theoretical arguments have
been put forward stating that the interior superfluid in the
neutron star would damp out any free-precessional effects
on a short time scale (Shaham 1977; Sedrakian,Wasserman
& Cordes 1999). Our spectral analysis agrees with that of
Stairs, Lyne & Shemar (2000) clearly showing a highly-
stable significant periodicity at ∼ 500 d. A close-up study of
one oscillation (Figure 15) shows three components plotted
as dashed lines which suggests that the local minima are
c© 0000 RAS, MNRAS 000, 000–000
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Figure 13. . . . continued
made up of two components whereas local maxima only
have one component.
• PSR B2148+63: The timing noise is at a much lower
level compared with the TOA uncertainties for this pul-
sar. However, the periodogram shows clear periodicities with
3.2 yr (∼ 1200 d), 7.1 yr and, at a lower level, 2.1 yr. In con-
trast to the residuals for PSR B1642−03 and B1826−17 this
pulsar exhibits larger radii of curvature at local maxima than
at minima.
For completeness we note that it has often been pro-
posed that PSR B0329+59 has planetary companions.
Demian´ski & Pro´szyn´ski (1979) and Bailes, Lyne & Shemar
(1993) found a three-year periodicity in the timing resid-
uals. However, Shabanova (1995) found no clear evidence
for a three-year period, but did present the possibility of a
16.8 yr periodicity. Konacki et al. (1999) argued that there is
no evidence for planetary companions. Our data set, which
spans 36.5 yr, also shows no evidence for either a 3 yr nor a
16.8 yr periodicity and we believe that the timing noise for
PSR B0329+59 has a similar form to the other pulsars in
our sample.
3.2.4 Slow glitches
Zou et al. (2004) reported a phenomenon known as “slow
glitches” for PSRs B1822−09 and J1825−0935. “Slow
glitches” are characterised by a permanent increase in fre-
quency, but no significant change in the slow-down rate.
More recently Shabanova (2007) identified a further five
slow glitches in the timing of PSR B1822−09. In Figure 16
we present our timing residuals for this pulsar between
MJD 49708 and 53426. The epochs of the slow-glitches re-
ported by Shabanova (2007) are indicated by vertical lines.
The observed timing residuals are not dis-similar to those
plotted in Figure 15 and described in §3.2.3. We therefore
suggest that slow-glitches are not a unique phenomenon, but
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Figure 14. Power spectra of PSRs B1540−06, B1642−03, B1818−04, B1826−17, B1828−11 and B2148+63.
are caused by the same process as the timing noise seen in
our sample of pulsars.
4 CONCLUSION
We have presented the timing residuals of 366 pulsars over
the past 36 yr. These residuals show that
• timing noise is widespread in pulsars (§2).
• the timing noise described here is not an artefact of the
observing systems nor offline processing (§3.1).
• timing noise is inversely correlated with characteristic
age, τc (§3.2.1).
• the timing noise cannot be explained using a simple
random walk model in the pulse phase, frequency or spin-
down rate (§3.2.1).
• the structures seen in the timing noise vary with data
span. As more data is collected more quasi-periodic features
are observed. Shorter data spans generally exhibit a signif-
Figure 16. The timing residuals for PSR B1822−09 from
MJD 49708 to 53426. The time of “slow-glitch” events as reported
by Shabanova (2007) are indicated by vertical lines.
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Figure 15. Short sections of the timing residuals for PSRs B1540−06, B1642−03, B1818−04, B1826−17, B1828−11 and B2148+63. A
smoothed, constrained cubic spline curve is plotted through the data points.
icant ν¨ term that is not related to the magnetic braking of
the neutron star (§3.2.2).
• the dominant contribution to timing noise for all pul-
sars with τc < 10
5 can be explained as being caused by the
recovery from previous glitch events (§3.2.2).
• significant periodicities are seen in the timing residuals
of a few pulsars (e.g. PSRs B1540−06, B1826−17, B1828−11
and B2148+63). However, quasi-periodic structures are seen
in the timing residuals of many pulsars (§3.2.3).
• the detailed structure of the timing noise indicates that
local maxima usually have different radii of curvature than
local minima (§3.2.3).
• there is no evidence for a planetary companion to
PSR B0329+54 (§3.2.3).
• “slow glitches” are not likely to be a different phe-
nomenon to that causing timing noise (§3.2.4).
We emphasise that these results could only have been
found by studying the timing residuals over very long data
spans and further work is continuing to search for correlated
pulse shape changes and to relate the glitch phenomena with
timing noise.
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